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Abstract 
The effect of coating systems on the tool performance when turning heat treated AISI 4140 is outlined in this paper. Therefore, four 
differently coated cemented carbide indexable inserts (TiN, TiN+TiAlN+TiN, TiN+TiCN+Al2O3, TiN+TiCN+Al2O3+TiN) and 
tools of uncoated cemented carbide, serving as a reference for the capability of the coating systems, are used. The tool performance 
is evaluated by the path length due to primary motion and the results of the turning operation, such as the process forces and the 
temperatures of the cutting tool. Remarkable differences in terms of the tool life travel path were observed. 
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1. Introduction 
Cemented carbide cutting tools are widely used in 
metal machining operations. The performance of these 
cutting tools with regards to tool life travel path, the 
required power for machining, and the surface quality of 
the generated workpieces improves remarkably using 
coated cemented carbide cutting tools [1-2]. Layers of 
titanium carbide (TiC), titanium nitride (TiN), titanium 
carbonitride (TiCN), titanium aluminum nitride (TiAlN), 
and aluminum oxide (Al2O3) are most commonly used 
when machining metals [3-4]. The effect of these 
coating materials on the heat partition during machining 
[5-7] and on the wear forms [8-9] was partially analyzed 
in prior investigations.  
Akbar [5] reported a 17 per cent reduced heat flow 
into the cutting tool compared to uncoated cutting tools 
applying a TiN monolayer coating system. The use of 
multilayer coating systems allows for a further decrease 
of the heat partition into the cutting tool. Grezik revealed 
an approximately 30 per cent less heat flow into the 
cutting tool during machining using the multilayer 
coating system TiC-TiCN-Al2O3-TiN [6]. The minor 
heat flow into coated cutting tools was attributed to the 
tribological phenomena at the tool-chip interface [7] and 
the thermophysical properties of the coating materials 
[5,8]. Low thermal conductivities decrease the heat flow 
into the cutting tool. As a consequence, more heat 
dissipates into the chip leading to a greater chip curling 
due to the increased temperature gradient on the cross 
section of the chip. The tool-chip contact area and the 
thermal load on the tool are thereby reduced. Jindal [9] 
reported an improved tool performance using TiAlN 
coating systems compared to both TiCN and TiN 
monolayers as a result of the formation of stable Al2O3 
layers during machining and the greater heat resistance 
of the TiAlN coating in general. Kammermeier [8] 
revealed a correlation of the thermal conductivity with 
crater wear. Coating materials showing low thermal 
conductivities decrease both the crater center distance 
and the crater width. The thermal load on the cutting 
tools is reduced due to this fact, whereas the forces per 
surface unit increase. 
The effect of coating systems on the cutting tool 
performance is analyzed in this paper applying one 
uncoated and four differently coated cemented carbide 
indexable inserts for turning. The uncoated cemented 
carbide cutting tool serves as a reference for the 
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capability of the coating systems. The cutting condition, 
the tool macro geometry, and the substrate are the same 
during the investigations. Differences regarding the 
cutting tool performance can therefore be attributed to 
the coating system. 
2. Experimental design 
The investigations were carried out on a CNC lathe 
without coolant. The workpiece material was quenched 
and tempered AISI 4140 with a hardness of 22 HRC. 
The coating systems are listed in Tab. 1. They were 
determined according to the prerequisites of a prevalent 
use for machining AISI 4140 as well as differing 
material properties of the coating materials. Each layer 
of the coating system contributes to the tool 
performance. Differing material properties and 
contributions of the layers might affect the tool load and 
the resistance against specific mechanisms of wear, and 
consequently the tool performance. The cutting 
condition and the tool geometries are specified in Tab. 2. 
Table 1: Coating systems 
T1: Uncoated cemented carbide 
T2: T1 – 2.5μm TiN  
T3: T1 – 0.5μm TiN - 2μm TiAlN - 1μm TiN 
T4: T1 – 0.5μm TiN - 9μm TiCN - 7μm Al2O3 
T5: T1 – 0.5μm TiN - 9μm TiCN - 7μm Al2O3 - 1μm TiN 
Table 2: Machining condition 
Cutting condition Cutting edge radii 
Cutting speed: 175m/min T1: 33μm 
Depth of cut: 1.5mm T2: 34μm 
Feed: 0.15mm/rev. T3: 38μm 
 T4: 49μm 
 T5: 50μm 
Tool macro geometry (CNMG 120408) 
Clearance angle: 6° Tool cutting edge angle: 95° 
Rake angle: -6° Tool cutting edge  
inclination: -6° 
 
The influence of the coating systems on the cutting 
tool performance is evaluated using the flank and crater 
wear, the process forces, and the temperature on the 
wedge. Process forces and temperatures were measured 
in process, whereas the wear was analyzed subsequent to 
defined path lengths due to primary motion (lc). The 
process forces were measured using a three-component-
dynamometer. The mean of the forces during the time of 
machining between successive process interruptions (for 
the wear analysis) was calculated in order to evaluate the 
forces. These values demonstrate the value of the 
process forces at particular wear conditions. The 
temperatures on the cutting tool were measured by 
means of thermocouples. To apply the thermocouples in 
the tool, holes were eroded into the indexable inserts. 
The manufacturing accuracy of the eroding process leads 
to a non-uniform distance of the thermocouples to the 
rake face. For this reason, a statistical analysis of the 
temperature measurement in terms of a specific tool type 
was not conducted. Instead, approximately identical 
thermocouple positions were used in order to evaluate 
the effect of the coating system on the thermal load on 
the wedge.  
The width of flank wear land VB was analyzed with a 
reflected-light microscope. The tool life criterion was 
defined as VB = 200 μm. In order to measure the crater 
depth and crater width, a digital fringe projection system 
and a scanning electron microscope were used. The 
crater depth was calculated dividing the rake face into 
multiple identical sectors of approximately 5000 μm2 
Fig. (1).  
 
  
Fig.1. Determination of the crater depth 
The depth of wear of a specific sector was detected 
subtracting the respective measurement of the rake face 
contour after a particular lc from the measurement data 
of the unworn indexable insert. These differences were 
compared and the largest difference was evaluated as 
crater depth. 
3. Results and discussion 
The uncoated indexable inserts reach the tool life 
criterion after a path length due to primary motion of 
lc = 0.18 km, whereas the tool life travel path ranges 
from 6.4 km to 20.8 km using coated indexable inserts 
Fig. (2a).  
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Fig. 2. (a) Tool live travel path; (b) Coating surfaces prior cutting 
These differences can be attributed to the differing 
properties of the coating materials, the contribution of 
the layers within the coating system, as well as varying 
coating thicknesses and film adhesions. The concurrence 
of these factors leads to both a specific resistance against 
defined mechanisms of wear and differing tool loads. 
Decreasing the loads on the wedge increases the tool 
performance.  
The minor hardness and consequently abrasive wear 
resistance of the cemented carbide compared to the 
coating materials results in the lowest tool life travel 
path. The indexable inserts with the coating system T4 
possess the lowest tool life travel path of the coated 
tools. The Al2O3 layer on the top of this coating system 
is partially removed in the preliminary stages of the 
investigations leading to a remarkable initial flank wear. 
Afterwards, the subjacent TiCN layer is partially 
exposed retarding the progress of the flank wear due to 
the greater material hardness compared to the Al2O3 
layer. Nevertheless, the low abrasive wear resistance of 
the aluminum oxide layer and the low thermal insulation 
effect of the TiCN layer lead to the minimal tool life 
travel path of all investigated coating systems. The 
surface of the Al2O3 layer is flaked, and cracks are 
clearly observable Fig. (2b). The flaked and 
consequently rough surface of the Al2O3 layer 
facilitates adhesion wear due to the greater mechanical 
catching of workpiece material on the cutting tool. The 
shear forces caused by the shearing of this adherent 
material and the friction at the flank face might exceed 
the adhesive forces of the Al2O3 layer. The Al2O3 layer 
on the top of the coating system T4 is therefore partially 
removed. 
The indexable inserts T5 achieve the longest tool life 
travel path Fig. (2a). The configuration of the layers, the 
largest available volume for wear due to the greatest 
coating thickness Tab. (1), the high cutting edge stability 
Fig. (3) and the proper film adhesion result in the best 
wear resistance of all investigated coating systems. As 
depicted in Fig. (2a), it is not useful to deposit an Al2O3 
layer on the top of a coating system as the abrasive wear 
resistance of such layers is comparatively low. However, 
the deposition of Al2O3 layer as an intermediate layer 
avoids the contact with the workpiece material until the 
overlying layers are removed. This leads to an efficient 
thermal insulation of the cutting tool, and consequently 
reduces the tool wear. Finite element simulations of 
turning using the coating system T5 and experimentally 
conducted temperature measurements, which are shown 
in Fig. (7) confirm this assumption [10]. Figure (3) 
illustrates the condition of the cutting edge and the 
corner after the tool life criterion has been reached.  
 
 
Fig. 3. Tool condition after reaching tool life criterion 
Slight cutting edge chippings can be observed at the 
cutting edge of the indexable insert T1. The indexable 
inserts T2 and T3 possess remarkable cutting edge 
chippings. In addition, parallel cracks can be determined 
at the corners of these cutting tools, whereas only the 
cutting edge of the indexable insert T2 shows parallel 
cracks. However, the indexable insert T3 possesses the 
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greatest cutting edge chippings. The corners as well as 
the cutting edges of the indexable inserts T4 respectively 
T5 do not show considerable cutting edge chippings. 
Droplets were observed at the rake face. It is believed 
that these droplets result from the adhesion of the 
workpiece material on the rake face.  
The tool life travel path of the indexable inserts 
differs remarkably. Therefore, the further evaluation 
parameters, such as the process forces or the cutting tool 
temperatures, cannot be compared for the same lc. 
Consequently, they are analyzed at the following values 
of flank wear: VB = 100 μm, VB = 150 μm, and 
VB = 200 μm. 
3.1. Crater Wear 
The crater depths and crater widths are illustrated in 
Fig. (4). Adhesions of the workpiece material are 
measured as well during the evaluation of the crater 
depths. These adhesions influence the calculation of the 
crater depths and comparatively large error bars can be 
observed. However, the measured crater depths can be 
used to reveal the susceptibility of coating systems to 
show crater wear.  
 
 
Fig. 4. Crater Wear 
The cutting tools T1 feature the smallest crater depths 
at VB = 100 μm and VB = 150 μm. The maximum 
crater depth at VB = 100 μm is observed for the 
indexable inserts T2, whereas the cutting tools T4 show 
the highest crater depth at VB = 150 μm. At the final 
stages of the investigation, the indexable inserts T2 
possess the greatest crater depth. The minimum crater 
depth appears for the cutting tools T5. Crater wear is 
influenced mainly by the resistance of the coating 
material against abrasion and diffusion. In addition, the 
susceptibility for the adhesion of workpiece material 
affects the crater wear. The diffusion wear and the 
adhesion wear are temperature-sensitive. As displayed in 
Fig. (7), the temperatures at the wedge are low during 
machining using the indexable inserts T1. As a 
consequence, the diffusion wear might be minor 
compared to the coated tools. It is believed, that the 
cutting tools T1 show the lowest crater depths at 
VB = 100 μm due to this fact despite the in general 
remarkably minor resistance against abrasive and 
diffusion wear. 
With increasing wear up to VB = 200 μm, the cutting 
tools T2 show the maximum crater depths followed by 
the indexable inserts T4. The temperatures on the cutting 
tools T2 and T4 Fig. (7) encourage both diffusion wear 
and the adhesion of workpiece material on the rake face 
Fig. (5). 
 
 
Fig. 5. Adhesion of workpiece material on the rake face 
In addition, the resistance of TiN (T2) and TiCN (T4) 
against diffusion wear is low [11]. The diffusion of 
elements from the workpiece material to the cutting 
material decreases the hardness of the cutting material. 
Increasing thermal loads decrease the material hardness 
in general. Taking the thermal loads on the tools into 
account, the coating systems of the indexable inserts T2 
and T4 might show the greatest decrease of the hardness. 
The abrasive wear resistance decreases thereby. 
3.2. Process forces 
The cutting forces and the feed forces increase with 
rising lc as a result of the proceeding tool wear Fig. (6). 
In contrast, the passive force is only increasing for the 
cutting tools T2 and T3. Only these cutting tools show 
remarkable cutting edge chippings and therefore a 
change in the cutting edge micro geometry, i.e. cutting 
edge radius and cutting edge roughness. The change of 
the cutting edge radius with proceeding wear determines 
the progress of the passive force considerably. The low 
magnitude of the passive force in general and the poor 
sensitivity for tool wear can be attributed to both, the 
used tool cutting edge angle and the tool cutting edge 
inclination. 
The largest cutting forces as well as feed forces at 
VB = 100 μm and VB = 150 μm are observed for the 
cutting tools T1; the cutting forces for all coated 
indexable inserts are approximately the same. The 
presumably slightly varying coefficient of friction 
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regarding the coating materials does therefore not have 
an observable influence. For VB = 150 μm, the use of 
the cutting tools T3 results in the minimum feed force. 
The largest cutting force at VB = 200 μm is measured 
for the cutting tools T1, whereas the use of the indexable 
inserts T4 respectively T5 leads to low and comparable 
cutting forces. The maximum feed forces are observed 
during turning using the indexable inserts T2 and T3. 
With increasing wear up to VB = 200 μm, the cutting 
tools T4 and T5 show the smallest feed forces. 
 
 
Fig. 6. Process forces 
The change of the cutting edge micro geometry due to 
wear is apparently the key factor for the progress of the 
process forces with rising lc. This conclusion can be 
drawn, as the contact lengths of the chips at the rake face 
(approximately 340 μm) do not differ remarkably using 
the cutting tools T2 and T3 (maximum increase) 
respectively T5 (minimum increase) for machining. The 
required energy for the relative movement of the chip at 
the rake face due to the frictional forces is therefore 
approximately the same. The cutting tools T5 show in 
addition a smaller crater depth as the indexable inserts 
T2 at VB = 200 μm, and consequently a smaller positive 
rake angle. This results in a greater change of chip 
direction and therefore greater forces. The maximum 
increase of the process forces concerning the indexable 
inserts T2 respectively T3 has therefore to be attributed 
to the increase of the cutting edge radius due to wear. As 
a consequence of the increasing cutting edge radius, the 
negative effective rake angle and the material 
deformation in front of the cutting edge increase. The 
material is severely deformed prior to the transition from 
base material to chips and a greater percentage of the 
base material is pushed under the cutting edge. 
3.3. Wedge temperatures 
Increasing temperatures below the rake face are 
observed for all indexable inserts with increasing lc 
Fig. (7). The indexable insert T1 shows the minimum 
cutting tool temperature at the investigated tool 
conditions. Taking the coated indexable inserts into 
account, the lowest temperatures at the investigated tool 
wear conditions are measured using the indexable inserts 
T3 respectively T5.  
 
 
Fig. 7. Wedge temperatures 
The maximum cutting tool temperatures at both, the 
preliminary and final stages of the investigations, are 
detected for the cutting tools T2. At VB = 150 μm, the 
greatest cutting tool temperature is observed for the 
indexable inserts T4. The minimum temperatures of the 
cutting tools T1 might be attributed to the short time of 
machining of approximately 6 seconds between 
sequenced process interruptions for the wear analysis. 
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Consequently, the heat distribution has not achieved a 
steady state at the measurement point of the 
thermocouple. Possible explanations for the maximum 
temperature at the end of the experiments regarding the 
indexable insert T2 are the extensive cutting edge 
chipping and the associated considerable transformation 
of mechanical energy into heat, the low available coating 
volume for wear, and the thermal properties of the TiN 
coating. The low available volume for wear leads to 
areas showing a partially removed coating system at the 
final stages of the investigations. In concurrence with the 
thermal properties of the TiN coating, which facilitate 
the heat flow into the tool, this causes a greater heat 
partition into the substrate. 
The aluminum oxide in the coating system of T5 
respectively T3, acting as a thermal barrier, is the reason 
for the low temperatures at these indexable inserts. The 
coating system T5 contains an Al2O3 intermediate layer, 
whereas the Al2O3 layer of the coating system T3 is 
formed during machining. Comparing the temperatures 
of the cutting tools, T2 and T3 having comparable initial 
cutting edge radii, process forces, and cutting edge 
chipping confirm the remarkable effect of the Al2O3 
layer on the cutting tool temperature. 
4. Conclusions 
In order to investigate the tool performance with 
regard to the coating system, various coated and 
uncoated cemented carbide indexable inserts, serving as 
a reference for the capability of the coating systems, 
were used for turning. The cutting condition, the tool 
macro geometry, and the substrate are identical. 
Differences regarding the cutting tool performance can 
therefore be attributed to the coating system.  
The cutting forces and the feed forces of the coated 
cutting tools are almost identical in the preliminary 
stages of the tool life. The presumably slightly varying 
coefficient of friction does therefore not have an 
observable influence. In contrast, remarkable differences 
regarding the feed force are revealed at the final stages 
of the investigations. The change of the cutting edge 
micro geometry due to wear is the key factor for the 
progress of the cutting and mainly the feed force. It was 
found that the lowest temperatures below the rake face 
of the indexable inserts occurred for the coating systems 
containing aluminum oxide. The maximum temperatures 
are observed using the cutting tools with a TiN 
monolayer. Because of their low abrasive wear 
resistance, Al2O3 layers should be deposited as 
intermediate layers.  
The minimum crater depths are found for the 
indexable inserts with a TiN-TiCN-Al2O3-TiN 
multilayer coating system. The maximum crater depths 
are determined at the cutting tools with a TiN 
monolayer. The uncoated cutting tools show a tool life 
travel path of 0.18 km, whereas the tool life ranges from 
6.4 km to 20.8 km using coated indexable inserts. By far 
the longest tool life travel path is achieved by the 
indexable inserts with the multilayer coating system 
TiN-TiCN-Al2O3-TiN.  
Remarkable differences regarding the tool life travel 
path are observed. Nevertheless, all investigated coating 
systems enhance the cutting tool performance. 
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